Abstract-The high-surety power-supply system, super uninterruptable power supply (Super-UPS), is an evolution of the traditional uninterruptible power supply. It consists of multiple sources, multiple energy storages, and redundant power converters to improve the reliability of the power-supply system significantly. In this paper, a fast fault-protection scheme based on direction of fault current without the assistance of communication for Super-UPS is presented. It achieves fast and selective fault detection and ensures the uninterruptible load power when short-circuit faults occur. The directional fault-current detection and the coordination between the circuit breakers and converters are investigated. The protection threshold settings are also discussed. In addition, an improved fault-current measurement method, which can suppress the influence of stray inductance of the solid-state circuit breaker, is presented to guarantee an accurate operation of the protection scheme for rapidly rising fault current. Finally, the proposed protection scheme and the improved fault-current measurement method for Super-UPS are verified by experiments.
I. INTRODUCTION

U
NINTERRUPTABLE power supplies (UPSs) have been widely used in Internet data centers (IDCs), telecommunications, factories, etc. Continuous and high-quality power is needed to guarantee the operation of critical loads during power faults due to power aging, extreme weather, or disasters. With the increasing amount of UPS capacity, the requirement of reliability also increases since the higher losses will be caused by the blackout. The concept of the high-surety power supply, namely Super-UPS, is proposed in [1] . It is an evolution of the traditional UPS. The architecture of a Super-UPS is shown in Fig. 1 . It consists of multiple sources, multiple energy storages, and redundant power converters to improve the reliability of H. Li, M. Chen, B. Yang, and D. Xu are with the College of Electrical Engineering, Zhejiang University, Hangzhou, 310027, China (e-mail:, lihaijin@zju.edu.cn; heaven@zju.edu.cn; tjuyangboping@126.com; xdh@ cee.zju.edu.cn).
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Digital Object Identifier 10.1109/TPEL.2018.2870982 the power-supply system significantly. The solid-state circuit breakers (SSCBs) are applied in the power conversion system to isolate short-circuit faults in the dc-bus side.
As shown in Fig. 1 , all energy sources and storage components are connected to a common dc bus through power converters. Introducing multiple sources and storages brings challenges to protection of the power supply. If the short-circuit fault occurs in the bus side of a certain converter for energy sources or storage components, it will result in the collapse of the dc bus, which may cause interruption of power to the load. Therefore an effective fault-protection strategy is necessary to isolate the faulty converter. Protection of Super-UPS may borrow the practices of the dc microgrid. However, Super-UPS seems to have a few specific characteristics to consider with respect to designing the protection. First, Super-UPS is a compact system with lower line impedance ranging from a few to dozens of µH. Therefore the rising rate of fault current is very high. Besides, the reliability requirement for Super-UPS is much higher than general dc microgrids. For general dc microgrids, power-outage time should be shorter than 10 ms according to the IEEE standard [2] . However, for Super-UPS, any short-time power interruption is unacceptable. Due to the high rising rate of fault current and uninterruptible power requirement, the requirement for protection speed and reliability is much higher in Super-UPS.
The protection of Super-UPS can be inspired by dc microgrids and dc zonal shipboard power systems. The protections 0885-8993 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. of dc systems are investigated by previous works [8] - [28] . The conventional dc protection schemes and the brief comparison of different schemes are shown in Table I [8]- [29] , [33] - [36] . The differential protection and directional comparison protection are communication-based protections [17] , [23] , [26] , [27] , [36] . They are highly accurate schemes with an optimized selectivity. However, they highly depend on the communication. For the compact and highly reliable power supply, Super-UPS, communication-based protections are not suitable because of relatively slow protection speed. The distance protection, overcurrent protection, derivative protection, and directional overcurrent protection are the noncommunication based protection. The distance protection is not affected by operation conditions and short-circuit capacity [10] , [22] . However, it is easily affected by the transient current and noises. It usually requires intense computing capabilities. For Super-UPS, due to the low line impedance of the power supply, the distance protection has low discriminability for the fault location. The overcurrent protection [19] and current derivative protection [20] , [21] , [24] can provide a fast fault detection, but they cannot achieve selectivity in the multiple-source system with bidirectional power flow such as Super-UPS. The directional overcurrent protection [35] is proposed to locate the feeder fault in the radial system with multiple sources. For Super-UPS, the directional overcurrent protection cannot achieve selectivity protection for all types of faults. In addition, the noncommunication protection and communication-based protection are combined in [17] , [33] , and [34] . In the combination scheme, the overcurrent protection is used to isolate the load or source fault quickly. The communication-based protection is applied to isolate bus faults. The protection speed is thereby improved. However, due to partially relying on the communication, it may cause temporary load interruptions in compact systems with fast increasing fault current. Thus, the existing methods cannot achieve uninterruptible load power with fast protection in Super-UPS. A fast and reliable, noncommunication based, protection scheme is required for the Super-UPS.
In addition, for the protection methods based on the current detection, the measurement of rapidly rising high fault current is a big challenge in the compact system. Current-measurement methods consist of current transformers (CTs), Rogowski coils, Hall-effect sensors, shunt resistors, and the methods based on the voltage drop of power devices [3] - [7] , [23] , [30] . The main challenge for CTs and Rogowski coils is that dc component of current cannot be measured. The drawback of current shunt resistors is additional power losses [23] . The disadvantage of Hall-effect sensors is the high cost. If SSCBs are applied in the protection [3] - [7] , the voltage drop of the power devices can be used to measure the fault current due to the low cost. However, the voltage drop of power device is affected by temperature. A temperature compensation method has been introduced in [7] and [32] . Besides, the stray inductor of SSCBs, shown in Fig. 1 , causes extra voltage drop on the measurement of V ce . The measurement error is large when the derivative of the current is high. In order to achieve an accurate protection, the extra voltage drop caused by the stray inductor of SSCB should be extracted and compensated. The current-measurement method with compensation of the influence of stray inductance is studied in this paper.
In this paper, a fast and reliable protection scheme is proposed for Super-UPS, which is a compact and high-surety power supply. The scheme achieves fast fault detection based on direction of current and coordinates with converters to ensure the uninterruptible load power. It does not rely on any communication. The protection speed and system reliability are improved. Then, an improved fault-current measurement method is presented. The method eliminates the influence of stray inductance of SSCB on the measurement of the rapidly rising fault current. The accuracy of the protection scheme is also improved.
The rest of the paper is organized as follows. In Section II, a fault model is built, and the characteristic of fault-current direction is analyzed. In Section III, a fast protection scheme based on the direction of fault current is developed. In addition, an improved measurement method for rapidly rising fault current is introduced. In Section IV, the prototype of Super-UPS is built, and experimental results are provided. Finally in Section V, the conclusions are given.
II. FAULT MODEL AND ANALYSIS OF SUPER-UPS
A. Fault Types of Super-UPS
The architecture of Super-UPS can be considered as a singlebus radial system. The protection zones in Super-UPS can be divided into module protection zones and the busbar protection zone, which are shown in Fig. 2 . In this section, the module fault is analyzed in detail.
The dc bus of a Super-UPS has three poles including a positive pole, a neutral pole, and a negative pole. There are four shortcircuit fault types of the module fault. They are positive pole short circuited with negative pole, positive pole short circuited with neutral pole, negative pole short circuited with neutral pole, and all three poles short circuited together.
B. Simplified Fault Model
The circuit model of a Super-UPS is shown in Fig. 3(a) . The topologies with neutral point of dc bus are chosen due to the requirement of UPS. In UPS systems, the load inverter is required to provide the power for the unbalanced three-phase load; thus, the dc bus needs the neutral point for the three-phase four-wire inverter. All energy sources and storage components are connected to a common dc bus through dc/dc or ac/dc converters. Since capacitors are installed in the dc port of converters, it results in the discharge current of the capacitors when the fault occurs in the dc port of converters. It can be seen in Fig. 3(a) .
The diagram of the fault characteristic shown in Fig. 3(b) is obtained based on simulations. The detailed theoretical analysis of stages after short-circuit fault can be derived from [23] and [37] . According to the requirement of UPS, the fault should be cleared as fast as possible. Otherwise the drop in the dcbus voltage will cause the interruption of the load power. Thus, the stage before the dc-bus voltage drops to 90% is analyzed. During this stage, the energy source module or storage module can be assumed as a constant-voltage source in order to simplify the analysis. The analytical fault model shown in Fig. 4 is used to analyze the characteristics of the fault current. It is assumed that the short-circuit fault occurs between the positive pole and negative pole in the dc port of Module N.
Equation (1) is derived according to the simplified model in Fig. 4 . The fault current in the dc port of modules can be derived by solving (1) . For higher than third-order equations, numerical solutions are used to solve them.
where 
C. Analysis of Fault-Current Direction
Based on the fault model shown in Fig. 4 , a typical case is used to analyze the characteristics of fault current when N equals three. The parameters of cables used for calculation are listed in Table V .
The calculated result of fault current in the case is shown in Fig. 5 .The initial condition is that Module 1 operates at the full load with a positive power flow. Module 2 is at the full load with a negative power flow. Module 3 is at no load. The power capacity of the modules is 100 kW, and dc-bus voltage is 750 V. Then, the rated current of the bus side is 133 A. So, the initial current of Modules 1, 2, and 3 are 133, -133, and 0 A, respectively. A more detailed analysis of fault current is provided in [38] .
It is found that the initial value of the current has a little impact on the direction of fault current. Due to rapidly rising fault current, even though the initial direction of fault current i 2 in Module 2 is negative, it becomes positive within a very short period (2.8 µs). After that, the direction of fault current in the fault module is negative. The direction of fault current in all normal modules is positive. Besides, it can be proven that the derivative of the fault current in the fault module is always negative before the fault current reaches the minimum value, while the derivative of fault current in normal modules is positive. This characteristic of the fault-current direction is the basis to design the protection scheme.
III. FAST FAULT-PROTECTION SCHEME WITHOUT COMMUNICATION
A. Proposed Protection Scheme
The concept of protection scheme for Super-UPS is shown in Fig. 6 . The proposed scheme generates the decisions for breakers and converters based on local measurements. First, the decisions for breakers depend on the directional current detection. According to the analysis of fault-current characteristic, the fault-current detection unit locates the fault based on the direction of the fault current. Different thresholds for two directions are set to distinguish the module fault and busbar fault. The threshold comparison for negative direction is used to trip the breaker when the module fault F1 occurs. The threshold comparison for positive direction is used to trip the breaker when the busbar fault F2 occurs. Second, the protection scheme coordinates with converters to ensure uninterruptible load power. It is based on the dc-bus voltage detection and the directional current detection. The decisions for converters are generated by mode-selection units. The converters change the modes according to the logic shown in Fig. 8 . The protection scheme does not rely on any communication. A fast and robust protection is achieved, minimizing the fault affected area and ensuring uninterruptible load power.
The coordination of breakers for different fault locations is shown in Fig. 7 , and the decisions for breakers are given in Table II . In order to achieve selective protection, the threshold for positive direction is higher than that for negative direction in the current-detection unit. Taking the fault F1 as an example, the fault current in S1 is negative, then S1 is tripped when current reaches the negative threshold I thn , while the fault current in S2 is positive. Since the positive threshold I thp is higher than I thn , the S2 is not tripped. According to Table II , it can be seen that only the faulty part is isolated based on the direction of fault current. The fault-affected area is minimized. In order to achieve uninterruptible load power, it is necessary for the protection scheme to coordinate with converters in Super-UPS. The decision for converters is decided by the unit of modeselection logic in Fig. 6 . It relies on the fault detection signal I p and the bus-voltage detection V p . When dc-bus voltage is lower than V down or higher than V up , V p turns to "1." When the fault is detected by directional current-detection unit, I p turns to "1." The detailed threshold setting rule is analyzed in Section III-B. The logic of mode selection is given in Fig. 8 . The modeselection logic for the source module and the load module is different. For the source module, the converter changes its mode among voltage mode, current mode and shutdown. It should be noticed that the current-mode modules have priorities to change their modes to voltage mode when voltage-mode module fault occurs. For the load module, the load converter changes its mode between load mode and bypass mode. The coordination of pro- tection is also based on local measurement without any message exchange with other modules.
The Super-UPS with proposed protection scheme is shown in Fig. 9 . As a compact power supply, Super-UPS is master-slave system. There is a bus voltage regulation converter (VRC) Module 1, a load inverter Module 2 and multiple current regulation converters (CRCs) Module 3 ∼ N. Module 3 is preconfigured as CRC #1, which has the highest priority as the backup module of VRC. The bypass switches are controlled by the load module.
The operation of the protection scheme for different fault locations is analyzed from Figs. 10-12. The CRC fault F CRC , VRC fault F VRC and busbar fault F bus are analyzed in detail. The decisions for breakers and converters under short-circuit fault F CRC are shown in Fig. 10 . In Fig. 10(a) , when the shortcircuit fault occurs in Module 3 (CRC), the fault current in Module 3 is negative, while the fault current in other modules is positive. Since the threshold for negative direction I thn is set lower than threshold for positive direction I thp , the S 3 is tripped first. While, the SSCBs connected to other modules are not tripped. The selectivity of protection is achieved, and the area affected by the fault is minimized. After the Module 3 is isolated by SSCBs based on the direction of fault current, the controller of Module 3 shuts down the converter by the modeselection logic unit. The controllers of other modules do not need to change.
If short-circuit fault F VRC occurs in Module 1 (VRC), then Module 1 is isolated by the SSCB based on directional current detection as shown in Fig. 11(a) . However, in this situation, the system loses the bus-voltage regulator VRC. The controller of Module 3 (CRC #1) detects the dc-bus voltage. When the bus voltage exceeds the bus voltage threshold of the source module V down(s) , the controller of Module 3 changes its mode from the current-control mode to the voltage-control mode based on the mode-selection logic. Module 3 becomes the new VRC to regulate the bus voltage. The controllers of other modules do not need to change. The decisions for converters are shown in Fig. 11(b) .
If a short-circuit fault F bus occurs in the dc busbar, the protection strategy operates to avoid the damage of SSCBs and the components of the converter module. In Fig. 12(a) , the fault current in all modules is positive when a bus fault occurs. The thresholds for the positive direction of all modules are reached. Then, all modules are isolated by SSCBs. Since Module 2 (load module) loses the input power, the bus voltage of Module 2 begins to decrease. When the dc-bus voltage decreases to the bus voltage threshold of the load module V down(l) , the bypass switch is closed by Module 2. The branch of bypass provides the power for the load. It can be seen that the load is uninterruptible when short-circuit fault occurs in the dc busbar. The decisions for converters are shown in Fig. 12(b) .
If one breaker malfunctions, the backup protection is necessary to protect the power devices of SSCB and dc capacitors in the fault paths. If S 3 malfunctions when the fault F CRC occurs in Module 3, then S 1 , S 2 and S 4 ∼ S N will provide the backup protection. The thresholds for positive direction of all modules will be reached when S 3 malfunctions. When all breakers are tripped, the fault current is blocked. Since Module 2 loses the input power, then Module 2 changes the mode from load mode to bypass mode when the dc-bus voltage decreases to the threshold V down(l) . The bypass provides the power for the load. 
B. Threshold Setting for the Proposed Protection Scheme 1) Current Threshold Setting for Negative Direction:
The threshold setting for two directions is critical for coordination of SSCBs. The threshold setting for negative direction is used to trip the SSCBs connected with the fault module. The negative threshold should fulfill the requirement of (2). The range of threshold is shown in Fig. 13(b) . The types of sources should be taken into account to design the threshold for negative direction. The current in normal mode of the unidirectional source is always positive, and the negative rated current I n r of the unidirectional source is set to zero.
where I dy is the maximum transient current when the module starts or load steps. I r n is the negative rated current. I sam down is the down limit of threshold caused by measurement method. This content is analyzed in Section III-C. The down limit of threshold using the least-square (LS) method is derived as (12) . I cap max is the maximum current the capacitors can handle. It depends on the dv/dt limit of capacitors. I pd max is the maximum current that the breaker allows. Normally, the I pd max is three times of rated current of power device if SSCB is applied. k i max is the maximum slope of fault current in the system. t d is the time delay of protection. I 90% is the fault current value when the dc-bus voltage of the load module drops to 90% of the rated bus voltage.
In order to avoid malfunctions, the reliability factors K rel1 and K rel2 can be introduced. Equation (2) can be rewritten as follows:
2) Current Threshold Setting for Positive Direction:
The threshold setting for positive direction has two functions. One is providing a backup protection when SSCBs are installed in the fault module malfunction. The other one is tripping all SSCBs to isolate the dc busbar fault.
Compared with the threshold for negative direction, the positive threshold setting does not depend on the type of sources. Based on the requirement of coordination of SSCBs, the positive threshold of module i should be larger than the negative thresholds of all other modules. The range of positive threshold is given in the following:
where I thp(i) and I thn (i) are the positive threshold and the negative threshold of module i, respectively.
3) Voltage Threshold Setting for Mode-Selection Unit:
The mode selection of the converter is based on the bus-voltage detection. In Fig. 14 , when the dc-bus voltage is lower than V down or higher than V up , the mode-selection unit is tripped to change the mode of converters based on the selection logic in Fig. 8 . The ranges of V down and V up are given in the following, respectively,
where m inv is the amplitude-modulation ratio of the load inverter, V load rms is the phase voltage of load inverter, p is the maximum fluctuation of bus voltage at the normal state, and V s is the maximum safe voltage for converters. As shown in (6), it should be noticed that the threshold voltage V down(l) for the load module should be lower than the threshold V down(s) for CRC. Otherwise, when VRC fault occurs in Fig. 11 , the load module may change to bypass mode by mistake. Similarly, V up(l) for load module should be higher than the threshold V up(s) for CRC.
C. Improved Fault-Current Measurement Method for Accurate Operation of Protection Scheme
Due to the requirement of fast isolation, SSCBs need to be installed in the dc port of modules in the Super-UPS. The realization of the proposed protection scheme with SSCBs is shown in Fig. 15 . The directional fault current detection can be easily implemented into SSCB by setting collector-emitter voltage thresholds for the positive switch and negative switch, respectively. However, there is a large measurement error for the traditional current-measurement method based on the voltage drop of SSCB when the derivative of the fault current is high.
Owing to the existence of stray inductor L s in the insulated gate bipolar transistor (IGBT) module in Fig. 15 , the measured v ssb voltage consists of the desired IGBT chip voltage v c and stray inductor voltage drop v L . The stray inductor voltage is directly proportional to the derivative of current. For the same value of current with different derivatives, the measured voltage of SSCB is quite different. In Fig. 16 , assuming that the current derivative is 30 A/µs, which is a typical value in Super-UPS and the stray inductance is 20 nH, the threshold for steady current is 300 A. The same threshold will be reached when current is 50 A with derivative of 30 A/µs.
An improved measurement method is proposed to eliminate the effect of stray inductor on the measurement. In the proposed method, the voltage drop of SSCB is sampled by the digital controller, and the extra voltage caused by stray inductor is eliminated by the compensation unit shown in Fig. 15 . The compensated results are sent to a comparison unit to trip the breaker. The compensation unit is based on the linear zone of IGBT output characteristic curve, which is shown as Zone II of Curve 1 in Fig. 16 . I min is defined as the minimum current of Zone II. When the current is larger than I min , the relationship between voltage V ce and current I c of IGBT is linear. It can be expressed as follows:
where k and b are the fitting coefficients of IGBT output characteristic curve. According to Fig. 15 and (7), the following equation is derived with the assumption of the constant current derivative during the short analyzed period:
where L s is stray inductance of SSCB and k is the parameter in (7). According to (8) , the voltage drop of the stray inductors V L and the desired IGBT chip voltage V c is related to the derivative of the measured voltage drop of SSCB V ssb . Since the derivative calculation is sensitive to the sampling error, a LS method is applied in order to reduce the measurement error. In the LS method, adjacent three points are used to calculate the derivative, which is shown in Fig. 17 . After discretizing (8) , the voltage drop of the stray inductors V L can be expressed in (9) , and the desired V c voltage is shown in (10) . T s is the sampling period.
In (10), it can be seen that the calculation result of V c depends only on voltage drop of SSCB, sampling period, and inductance of stray inductor. It does not use the information of the current. The calculated result V c is compared with the threshold to trip the SSCB. According to the IGBT output characteristic curve in Fig. 16 , the threshold of V c can be derived by the desired fault-current threshold. The threshold I thn and I thp shown in Fig. 13 can be converted to the V ce n and V ce n of SSCB using (7). The V ce n and V ce p are derived as given in the following:
It should be noticed that the current at the first valid point used for calculation should be larger than I min . Thus, the protection threshold settings should meet the requirement of (12). Otherwise, the calculated results used for tripping the SSCB will be invalid.
where k I is the derivative of fault current.
D. Comparison Between the Proposed Protection Method and Conventional Methods
A comparison between the proposed method and other methods is provided in Table III . The fault-clearing time for different types of faults and the reliability of load power are compared. The data of the proposed method are based on the experimental results. For the directional overcurrent protection method [35] , the fault detection only responds for one direction of fault current. The breakers are tripped only for the module fault. It does not operate for busbar fault. Besides, the load is interrupted when the fault occurs in the common bus. The handshaking method [9] does not rely on communication, and it improves the robustness of protection. However, all converters are shut down after the fault is detected. The loads on the healthy buses are interrupted temporarily. For the directional comparison protection [23] and hybrid protection method [17] , [33] , the protection speed may not meet the requirement of protection in the compact power supply due to the dependence on communication. It will cause the interruption of load power.
The proposed scheme has three metrics for the compact and uninterruptible power supply system: 1) detecting both module faults and busbar faults locally and quickly; 2) ensuring the uninterruptible load power without assistance of communication; and 3) accurate and reliable operation of protection for rapidly rising fault current by the improved measurement method. Thus, the protection speed and the reliability of load are improved.
IV. EXPERIMENTAL RESULTS
A. Prototype of Super-UPS
The prototype of a Super-UPS is built to verify the proposed protection scheme. In the prototype, there are two kinds of standard converter modules, bidirectional ac/dc module and bidirectional dc/dc module. The SSCBs are installed in the dc-bus side of the converter modules. The metal oxide varistors (MOVs) are used to protect the SSCBs. The prototype of the Super-UPS is shown in Fig. 18 . The parameters of the standard converter modules and SSCBs are shown in Table IV . The architecture of the system is shown in Fig. 19 . The line parameters among modules are given in Table V .
B. Accuracy Test of Fault-Current Threshold Setting
The accuracy test of the proposed measurement method with stray inductor voltage compensation is shown in Fig. 20 . The sampling frequency of digital controller is 1 MHz. The theoretical down limit and up limit are calculated based on the time delay of digital processing and marked in Fig. 20(a) . It can be seen that the three test results are within the theoretical limits. The error between the trip current and threshold is shown in Fig. 20(b) .
C. Verification of Protection Scheme
The Super-UPS is designed modularly and configured flexibly. In Fig. 19 , three modules are configured to verify the protection scheme of the system. Module 1 (M1) regulates the bus voltage. Module 2 (M2) is the load. Module 3 (M3) controls the output power. The bypass is installed to connect the utility and load. A 1700 V/2400 A IGBT is used to simulate the shortcircuit fault point. MOV is also used to protect the IGBT at the short-circuit point. The threshold setting of the module is given in Appendix A.
The protections for different fault locations are verified. The fault locations include CRC, VRC, and the dc busbar. First, the fault occurs in the bus side of CRC M3. The protections under different operation points are tested. In the test, the rated power of load is 30 kW. In Fig. 21 , the initial powers of M1, M2, and M3 are 20, -20, and 0 kW, respectively. From Fig. 21(a) , it can be seen that there is no change of load current and input current of normal module when short-circuit fault occurs. The dc-bus voltage of load M2 is also kept constant. During the fault, the load is not interrupted. In Fig. 21(b) , the characteristic of fault-current direction is shown clearly. The fault current flowing through the SSCB S3 connected to fault module M3 is negative. The fault current in normal modules M1 and M2 increases positively. The direction of fault current is used to locate the fault module. The threshold for negative direction is set to be 120 A. Owing to the time delay in the protection, the final turn-off fault current of the SSCB in Module 3 is -180 A. During the fault, there is no dip in the dc-bus voltage of M2. The fault is cleared within 11 µs.
The protection waveforms under another initial state are shown in Fig. 22 . The initial powers of M1, M2, and M3 are 0, -20, and 20 kW, respectively. Before the fault occurs, M1 regulates the dc-bus voltage and M3 provides the load power. It can be seen that M3 is isolated after the fault M1 provides the load power. In Fig. 22(b) , the turn-off fault current in fault module is -178 A. The fault is cleared within 13 µs. It also shows that the load is not interrupted in this situation.
Next, the fault location is in the bus side of VRC M1. When the fault occurs in M1, the waveforms of protection are shown in Fig. 23 . M1 is isolated by the SSCB when the fault current reaches the negative threshold. The system loses VRC, and the dc-bus voltage begins to decrease after M1 is isolated. M3 detects the dc-bus voltage, and its operation mode changes from current-control mode to bus-voltage control mode when the bus voltage drops to the threshold of 720 V. It can be seen that the load is not interrupted during the transferring. The initial current direction of modules and the fault condition in Fig. 24 are the same as Fig. 23 ; however, the load level is half. Similarly, the load is not interrupted during the fault.
Third, the fault location is in the dc busbar. When the fault occurs in the dc bus, all SSCBs are tripped and all modules are isolated. The fault is cleared within 22 µs. The load inverter detects the dc-bus voltage and turn ON the bypass switches when bus voltage drops to the threshold of 700 V. The bypass provides the load power after the fault is isolated. From Fig. 25(a) , it can be seen that the load is not interrupted when the fault occurs in the dc bus.
D. Sensitivity Discussion of Protection Scheme
Based on the experimental scheme shown in Fig. 19 , the sensitivity of protection scheme under different conditions is tested, and the experimental results are shown in Fig. 26 . Multiple operation conditions including load connecting, load disconnecting, overcurrent fault in load side, and utility failure at different load levels are considered. In Fig. 26 , it can be seen that there is no false tripping of protection for the conditions of load connecting, load disconnecting, and utility failure. For the overcurrent fault in load side, there is no false tripping when the overcurrent threshold of load side is 1.5 times of the rated load current. However, if the overcurrent threshold of load side is larger than twice of the rated load current, the false tripping of bus-side SSCBs occurs. If there is a special need for the system to operate at more than twice of the rated load current, the threshold of protection scheme needs to be redesigned. For the short-circuit faults in bus side, Fig. 26 shows that the protection is tripped accurately. The difference between the trip current and the turn-OFF current is caused by the protection delay and high derivative of fault current. In addition, the fault current is large enough to trip the threshold when the short-circuit fault occurs in bus side. The influence of line impedance on fault current is given in Appendix B.
The experimental results at full load are shown in Fig. 27 . In Fig. 27(a) , the breaker of load side is closed at t 1 , and a 30-kW load is connected. The maximum transit current flowing through the SSCB S2 in bus side is 58 A, which is lower than the threshold 120 A. In Fig. 27(b) , the load is disconnected at t 2 . Fig. 27(c) shows the waveform under the condition of overcurrent fault in load side. Before the fault, the load power is 30 kW. The overcurrent fault of load side occurs at t 3 , and the load current increases dramatically to the overload threshold of load side (1.5 times of the rated load current). The sensitivity under utility failure is tested in Fig. 27(d) . The utility fails at t 4 , and M1 shuts down while M3 begins to provide the power of load. There is no false tripping of SSCBs under these conditions. In addition, the false tripping of protection at overcurrent fault of load side (twice of the rated load current) is shown in Fig. 28 . The SSCB in bus side is tripped when the current reaches the negative threshold. Thus, for the protection design of Super-UPS, the overcurrent threshold of load side should be less than twice of the rated load current.
V. CONCLUSION
In this paper, a fast protection scheme based on the faultcurrent direction is proposed for a Super-UPS, which is a compact and high-surety power-supply system. The scheme achieves fast fault detection and location based on the direction of current. The protection strategy coordinated with converters, which is based on the fault-current detection and dc-bus voltage detection, is investigated to achieve the uninterruptable load power. The rules of threshold setting are introduced for reliable operation of protection. Different thresholds for two directions are set to distinguish the module fault and busbar fault. The protection scheme does not rely on any communication, so a high-speed and a high-reliable protection is achieved. Besides, an improved fault-current measurement, which reduces the current-measurement error caused by the stray inductor of SSCB, is proposed to guarantee an accurate operation of protection for rapidly rising fault current. Finally, the proposed protection strategy and improved current measurement are verified on the platform of the Super-UPS. The proposed protection scheme can be applied in systems that have similar characteristics with Super-UPS, such as electric-vehicle charging stations with integrated photovoltaic and battery energy storage, dc UPS for IDC, etc. However, if the proposed scheme is applied to general dc microgrids and distribution line faults, other topologies and operation conditions should be considered, and further studies are needed.
APPENDIX
A. Threshold Setting for Modules in Super-UPS
Take the bidirectional dc/dc module in Super-UPS as an example, the parameters used for the threshold calculation is shown in Table VI . According to (3), the threshold for negative direction is set to be 120 A. The threshold for the positive direction is 360 A. Besides, the down limit of bus voltage V down for the source module is set to be 720 V. The up limit V up is 780 V based on (5).
B. Influence of Line Impedance on Protection Scheme
According to (3) , in order to avoid malfunctions of protection, the negative threshold should be less than I 90% which is the fault current value when the dc-bus voltage drops to 90% of the rated bus voltage. Based on simulations, Fig. 29 shows the relationship between the I 90% and normalized line impedance for CRC fault in Fig. 19 . The values of line parameters given in Table V are regarded as the base values ("1x"). For example, "10x" means that each line parameter in Fig. 19 equals 10 times of the value given in Table V . It can be seen that I 90% is not large enough to trip the threshold only when the line impedance is larger than 200 times of the base value. However, in this situation, the maximum line inductance among modules reaches 1.76 mH, and the line distance is approximately 3.8 km, which is too long for the compact power supplies and UPS'. Thus, for compact power supplies, the fault current is large enough to trip the threshold when the short-circuit fault occurs.
